A method of cutting, thinning, welding and chemically func tionalizing multiwalled carbon nanotubes (CNTs) with car boxyl and allyl moieties, and altering the electrical properties of the CNT films by applying high current densities combined with air-exposure is developed and demonstrated. Such welded high-conductance CNT networks of functionalized CNTs could be useful for device and sensor applications, and may serve as high mechanical toughness mat fillers that are amenable to integration with nanocomposite matrices.
A method of cutting, thinning, welding and chemically func tionalizing multiwalled carbon nanotubes (CNTs) with car boxyl and allyl moieties, and altering the electrical properties of the CNT films by applying high current densities combined with air-exposure is developed and demonstrated. Such welded high-conductance CNT networks of functionalized CNTs could be useful for device and sensor applications, and may serve as high mechanical toughness mat fillers that are amenable to integration with nanocomposite matrices. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
0013 Recent publications have explored using eV-keV range ion or electron beams to alter the structure, out, weld and chemically functionalize CNTs with nanoscopic lateral resolution, to tailor the electrical properties of CNTs and their assemblies. These techniques, however, are difficult to per form because they require the positioning of the energetic beam at the exact location where welding or machining is desired.
0014. The present inventors realized that passing electrical current between two electrodes through a thin film comprised of nanotubes, such as randomly dispersed multiwalled CNTs, can alter the structure and chemically functionalize and tailor the electrical properties of CNTs. indicating that the morphological changes are related to the flashes. FIG. 2b illustrates an examples of current-induced welding of overlapping CNTs (see arrows). TEM micro graphs from samples Subjected to high current densities con firm the formation of CNT welds ( see FIG.2c ). At the CNT welds, we observe a coating of amorphous carbon that is presumably deposited from carbon flux from electromigra tion, thinning and rupture of smaller diameter CNTs present in the neighborhood. The amorphous carbon coating is analo gous to the coating of a feed material used in metal joining, and is different from current-induced spot-welding observed in singlewalled CNTs where no amorphous carbon formation is observed. The crystalline structure along the length of the CNT is, however, preserved in regions away from the welds as illustrated in FIG. 2d . indicating that the structural changes can be restricted to the CNTs joints. In some instances, we also observe graphitic carbon onions ( see FIG.3a) , mainly on Fe nanoparticles, suggesting that the remnant catalysts pro mote onion formation. Many CNTs are either thinned or ruptured near the welds (see FIGS. 3b and 3c), likely by vaporization and electromigration of carbon atoms, induced by high current densities and resultant joule heating. In loca Nov. 27, 2008 tions where only a few CNTs bridge different portions of the sample, the CNTs tend to align, likely due to the effect of high local electric fields, prior to rupture ( see FIG. 3d ). All the observed morphological changes are observed in experi ments conducted in vacuum, or in air, Suggesting the negli gible effect of these ambients on current-induced structural changes (however, the experiments conducted in vacuum did not lead to electrical breakdown of the CNT film). 0018 Without wishing to be bound by any particular theory, it is believed that current-induced structural changes of CNTs can be understood as follows. The high CNT-CNT resistance due to the lack of direct electron transport path ways across overlapping CNTs facilitates welding by joule heating and arcing induced by high currents at points proxi mal to the overlap. Additionally, catalyst particles and loca tions of Stones-Wales type defects on the CNTs could also serve as hot spots. The nature of the structural change, e.g., welding vs. fissure, is likely to be determined by many factors such as CNT diameter, local current density and distance shows representative FTIR spectra from CNT films subject to the application of -0.1-1 A current and Subsequently exposed to air. The characteristic signatures of hydroxyl, carboxyl, carbonyl and allyl moieties (chemical groups) are clearly seen at ~3440, 1710, 1640, and 1540 cm, respectively. In contrast, pristine CNTs do not show any detectable signatures of these moieties. Without wishing to be bound by any par ticular theory, it is believed that current application combined with air exposure functionalizes the CNTs near the hot-spots where dangling bonds have been created. The functionaliza tion of CNTs with hydrophilic groups (e.g., carboxyl groups) in selected locations (e.g., at the welds) is attractive from the viewpoint of designing chemical and biological sensors using CNTs. While exposure to oxygen and moisture (i.e., water or water vapor) ambients can generate of hydroxyl, carboxyl, carbonyl and/or allyl moieties, exposure to other reactive ambients, such as reducing ambients, can generate other Suit able moieties.
0020 Referring to FIG. 5a , conductance-Voltage (O-V) characteristics obtained by four-point-probe measurements during the application of current reveal a monotonic irrevers ible increase in O by ~150%, followed by saturation. The conductance gradient do/dtd0, and is the highest for the first minute of current application ( see FIG. 5b ), indicating that most of the structural and chemical changes occur during this timeframe. The net increase in conductance is contrary to the reverse trend expected from defect creation, fissures and functionalization of the CNTs. Without wishing to be bound by any particular theory, the present inventors believe that this observation indicates that the increase in the number of high conductance pathways due to the formation of CNT-CNT junctions effectively offsets the conductance decrease expected from defect scattering, functionalization, and frac ture of CNTs. The present inventors expect that multishell transport facilitated by the bridging of adjacent shells within each CNT, and between CNTs at welds, provide the mecha nism for the observed conductance increase. 0021 FIG. 6a shows the electrical conductance of pristine and current-modified CNTs measured at different tempera tures 25°C.sTs350° C. Without wishing to be bound by any particular theory, the behavior can be described by
0022 where the first term, designated as O1, reveals ther mally activated transport across CNT shells, with an activa tion energy E (see S. Agrawal, M. J. Frederick, F. Lupo, P.
Victor, O. Nalamasu, G. Ramanath, Adv. Func. Mat., 15, 1922 (2005 . Also see P. G. Collins, P. Avouris, AIP Confer ence Proceedings, 633, 223 (2002)) 0023. Without wishing to be bound by any particular theory, we attribute the enhanced transport to the cross-link ing of CNTs by the dangling bonds created at the high-current density hot-spots. Current-induced bridging of CNTs decreases E, slightly from 65+5 to 50+8 meV ( see FIG. 6b ).
Although the current applied to induce structural modifica tion ranged from 0.1-1A for different samples, the systematic current-induced decrease in E from pristine samples was reproducible in all of the 10 samples studied. This result indicates that the current-induced change in conductance is insensitive to the actual configuration of the CNTs in ran domly dispersed networks prepared by drop coating. 0024 Current-induced conductivity enhancement at CNT-CNT contacts could be useful for creating mesoscale networks of device wiring with CNTs placed at specific loca tions by other techniques. Apart from increasing the conduc tance, creation of welds could also improve the mechanical properties of CNT networks, and facilitate their use as high toughness reinforcers that are more amenable to integration with nanocomposite matrices. 0025. The foregoing description of the invention has been presented for purposes of illustration and description. It is not intended to be exhaustive or limit the invention to the precise form disclosed, and modifications and variations are possible in light of the above teachings or may be acquired from practice of the invention. The description was chosen in order to explain the principles of the invention and its practical application. It is intended that the scope of the invention be Nov. 27, 2008 defined by the claims appended hereto, and their equivalents. All journal articles mentioned herein are incorporated by reference in their entirety.
What is claimed is:
1. A method of functionalizing nanotubes, comprising: passing an electrical current through a nanotube film to generate defects on the nanotubes; and exposing the nanotube film to a reactive medium such that at least one chemical functional group is formed at the defects on the nanotubes.
2. The method of claim 1, wherein the film comprises a film of randomly dispersed multiwalled carbon nanotubes. the current is in a range of 0.1-1 A; and the medium comprises at least one of air and water vapor. 5. The method of claim 1, wherein the defects comprise dangling bonds and the at least one chemical functional groups comprises a hydrophilic group.
6. The method of claim 1, wherein theat least one chemical functional group comprises at least one of hydroxyl, car boxyl, carbonyl and allyl groups.
7. A method of cutting, thinning, or welding nanotubes, comprising passing an electrical current through a nanotube film to at least one of cut, thin or weld the nanotubes in the film.
8. The method of claim 7, further comprising exposing the nanotube film to a reactive medium such that at least one chemical functional group is formed at the defects on the nanotubes.
9. The method of claim 1, wherein the film comprises a film of randomly dispersed multiwalled carbon nanotubes.
10. The method of claim 7, wherein the application of current welds the nanotubes.
11. The method of claim 7, wherein the application of current cuts the nanotubes.
12. The method of claim 7, wherein the application of current thins the nanotubes.
13. The method of claim 7, wherein the application of current cuts, thins and welds the nanotubes.
14. The method of claim 7, wherein the application of current is conducted in an oxygen containing ambient to electrically breakdown the nanotube film.
15. The method of claim 7, wherein the application of current is conducted in vacuum to avoid electrical breakdown of the nanotube film.
16. The method of claim 7, wherein the current is in a range of 0.1-1 A 17. A multiwalled carbon nanotube film comprising crys talline multiwalled carbon nanotubes welded to each other at weld junctions containing amorphous carbon.
